Background: An endogenous, helical plant organ movement named circumnutation is ubiquitous in the plant kingdom. Plant shoots, stems, tendrils, leaves, and roots commonly circumnutate but their appearance is still poorly described. To support such investigations, novel software Circumnutation Tracker (CT) for spatial-temporal analysis of circumnutation has been developed. Results: CT works on time-lapse video and collected circumnutation parameters: period, length, rate, shape, angle, and clockwise-and counterclockwise directions. The CT combines a filtering algorithm with a graph-based method to describe the parameters of circumnutation. The parameters of circumnutation of Helianthus annuus hypocotyls and the relationship between cotyledon arrangement and circumnutation geometry are presented here to demonstrate the CT options. Conclusions: We have established that CT facilitates and accelerates analysis of circumnutation. In combination with the physiological, molecular, and genetic methods, this software may be a powerful tool also for investigations of gravitropism, biological clock, and membrane transport, i.e. processes involved in the mechanism of circumnutation.
Background
Circumnutations have been investigated for over 130 years [1] [2] [3] [4] but the methods for analysis thereof are still time consuming and weakly standardized. During his investigations, Charles Darwin recorded circumnutations in many plant species simply using a glass plate [1, [4] [5] [6] . More recently, circumnutations have been investigated using a photo-diode containing apparatus [7] and currently by time-lapse images [8] [9] [10] . Some investigations search the core mechanism [11] [12] [13] and ultradian pacemaker of circumnutation [14] . The circumnutation analysis also accompanies investigations of gravitropic responses [10, 15, 16] , growth mechanisms [17] [18] [19] [20] , ethylene signalling [21] , IP 3 signalling [22] , and glutamate signalling pathways [23] as well as investigations of aluminium treatment [9] and circadian clock [24] [25] [26] . Other studies explore the function of circumnutation in plant life [27] [28] [29] . Circumnutation analyses also accompany the research of right-and left-handed symmetry of twining organs [6, 30] and they should be taken into account in investigations of heliotropism of organs [31] . The geometry of circumnutation is dependent on the morphological traits of plants [7, 32, 33] . Software for tracking root growth and development [34] [35] [36] or measuring hypocotyls and leaf rosettes [37, 38] are known, but there is no tool for analysis of circumnutationa ubiquitous phenomenon in plants. The aim of our work was to design software for analysis of standard circumnutation parameters in relation to the geographical direction applicable in various plant species. To our knowledge, the Circumnutation Tracker (CT) software presented here is the first free and open source tool for analysis of circumnutation.
Implementation
The CT is based upon cross-platform solutions and runs under the Windows (XP, Vista, 7) and Linux environment. Automatic options use Basic Linear Algebra Subroutine (BLAS) for calculations. The following steps are necessary for software installation: download Circumnutation Tracker and CT user guide (pdf ) to your computer from http:// circumnutation.umcs.lublin.pl and run: Circumnutation Tracker.exe. All details of work with CT are presented in the CT user guide.
The CT workflow
The scheme of workflow with CT is presented in Figure 1 . The crucial steps of working with CT include time-lapse video loading, calibration of time and space, manual harvesting of coordinates x and y, automatic determination of circumnutation parameters, and data and graph exporting.
Time-lapse video input -parameters of time-lapse video files opened by CT
CT works on black/white or colour time-lapse video images (AVI Audio Video Interleave), with any resolution. The supporting video codec's include H.264 and Indeo Video 5.
Time and space calibration
Circumnutating plants are elaborated by CT on a timelapse video and circumnutation parameters are expressed in minutes and millimetres. The organ apex is usually chosen for tracing the circumnutations and their coordinates x and y changing during the experiment are determined. The centre of the coordinated system can be set to a preferred location e.g. in a place such as organ origin, by the setup origin option. Coordinates x and y harvested from the time-lapse video can be previously calibrated by the frame timestamp and perspective correction options. All technical details of work with CT are described in CT user guide.pdf.
Timestamp
Coordinates x and y are labelled with time stamps: year, month, hour, minutes, and seconds by the frame timestamp option.
Calibration and perspective correction
Conversion of pixels to millimetres and elimination of the illusion of an enlarged image when the plant grows toward the camera are performed in the perspective correction option using: frame width at the ground level in a pot, distance of the camera from the ground, plant height at the start and end of the experiment. Plant height at the end of our experiment was different for distilled-water and nutrient-solution growing seedlings (Table 1) . Thus, the calibration and perspective corrections were made in different database files: Sample 1 (distilled water.db) and Sample 2 (nutrient solution.db), downloaded with the CT software.
Geographical directions
In many papers, the circumnutation trajectories are presented as viewed from above [15, 18, 28, 39] . For a better understanding of the geometry of circumnutation in relation to plant morphology, we propose to set a topview camera corresponding to the geographical plane and thus the coordinates x, y simultaneously correspond to the geographical east-west (EW) and north-south (NS), respectively. The seeds, seedlings, or older plants can be set to the experiment by juxtaposing their symmetry to the NS-EW directions (Additional file 1: Video 1, Figure 2C ). We have an unquestionable point of reference for the circumnutation trajectory (especially circumnutation shape, angle, and direction) to the morphology of plants and environmental geographical directions by such settings of equipment and plants. This could also contribute to future studies on the role of circumnutation in morphogenesis including a study of right-and left-handing and symmetry of development. Additionally, linking the camera settings and plant symmetry with geographical directions will be useful for studying circumnutation together with heliotropism and phototropism [31] . The benefit of CT is that we can study every single circumnutation in an objective NS-EW plane, which is an advantage over Fourier and autocorrelation analysis as these provide information about frequency only. 
Coordinates x and y are manually harvested
Manual harvesting of the organ apex coordinates x and y by computer mouse clicks is controlled by the user.
The coordinates x and y can be exported as a CSV (comma-separated values) file that can be opened in spreadsheet software (e.g. Microsoft Excel). The coordinates x and y presented as a time series are shown in Figure 3 for a Helianthus annuus hypocotyls. The manual harvesting is an advantage due to the independence of the background of circumnutating plants; therefore, The results were estimated for significance by a t-test at p < 0.05 *, p < 0.01 **, p < 0.00001 *****. Table 2 ). C. Arrangement of circumnutation angles in the geographical direction plane. D. Subsequent circumnutations with a marked shape (ellipse, white line), angle (blue line), and direction of circumnutations. In the geographic direction plane, the single circumnutation cycle is determined by two subsequent maximum northward bends of the hypocotyl.
CT is applicable in a wide range of filming conditions. We are also working on development of automatic harvesting of coordinates x and y as a prospective CT option.
Circumnutation cycles and parameters are automatically determined Calculation of the extremes After harvesting, the graphs of the time series of coordinates x and y are automatically plotted and an algorithm for calculation of extremes starts running ( Figure 3 ). A single circumnutation cycle is determined by two subsequent extremes (maxima or minima). The extremes are detected on data smoothed using a moving average filter with a customizable filter sizethe filter eliminates possible false extremes. Then, a discrete derivative is calculated to determine the slope of the curve. When the slope sign is changingthe extreme is detected, and when the slope changes from rising to falling, the extreme is the maximum (Figure 3 ; green dots) and otherwisethe minimum. We propose that in the geographic direction plane, the single circumnutation cycle is determined by two subsequent maximum northward bends of the organ (Figure 3 ; red dots). Figure 3 also shows that the regular and irregular patterns of circumnutation can be elaborated successfully by CT.
The following circumnutation parameters: period, length, rate, shape, and clockwise-and counter-clockwise directions are calculated by CT for every single circumnutation cycle.
period (min) -the time that the organ apex needs to trace a single circumnutation cycle (time between two subsequent maximum northward bends of the organ). length (the length of the trajectory of circumnutation, mm) -the way that the organ apex covers during a single circumnutation cycle (between two subsequent maxima northward bends, Figure 3 ). This parameter corresponds to the term "amplitude" widely used in the literature. rate -the apex rate during a single circumnutation cycle (circumnutation length divided by period, mm min −1 ). shape (shape coefficient) -a figure that is drawn in a horizontal plane by the organ apex during a single circumnutation, usually a wider or narrower ellipse or a circle. The shape is depicted by the shape coefficient, which is expressed as a ratio of the length of the short axis to the length of the long axis of the ellipse; for a very narrow ellipse, it is close to 0.1, and 1 for a circular circumnutation. Determination of the algorithm for the shape coefficient of circumnutation is based on the ellipse fitting method described by Fitzgibbon A, Pilu M and Fisher RB [40] . Examples of narrow and wider circumnutations are shown in Figure 2 . angle -the angle between the long axis of the ellipse and the line drawn by the direction of the geographic north-south (NS). The angle is determined with the arctangent of the long and short axis vector of an ellipse previously fitted into the circumnutation cycle. The N is a 0 degree, E −90 degree and W is a 90 degree ( Figure 2C ). The angle is not determined for the circular circumnutation. This parameter together with the shape coefficient could help in the study of a rosette-like trajectory, as reported by Baillaud L [41] . direction -a clockwise (cw, clockwise, right-handed) or counter-clockwise (ccw, left-handed) direction of movement of the apex. Some circumnutations are indeterminate (marked as ?).
Table of circumnutation parametersdata output
The circumnutation parameter values can be exported as a CSV (comma-separated values) file that can be opened in spreadsheet software (e.g. Microsoft Excel) as shown in Table 2 .
Trajectory of circumnutationgraph output
The circumnutation trajectory can be seen in CT (Figure 4 ) and exported to a SVG (vector image) type file that can be opened in graphics software (e.g. Corel Draw). Simply, PrintScreen of trajectory of circumnutation is also possible.
An example of CT use for analysis of circumnutation of Helianthus annuus seedlings is presented below.
Results and discussion

Circumnutation parameters vs. morphology of seedlings of Helianthus annuus
Dependence between plant morphology and the parameters of circumnutation was reported in Avena [7] and Pisum [32, 33] . Helianthus annuus is a model plant for circumnutation and many studies have been carried out but no characteristics of circumnutations vs. seedlings morphology have been provided yet. Here, we have shown that circumnutations of seedlings growing in distilled water are different from those observed in plants growing in a nutrient solution (Additional file 1: Video 1). The parameters and trajectory of circumnutations determined using CT are shown in Table 1 and Figure 4 .
The distilled-water growing seedlings have a statistically significantly shorter hypocotyl (p < 0.00001) and length of circumnutation (p < 0.01) but a longer period (p < 0.01) than the nutrient-solution growing seedlings. The shape of distilled-water seedlings are slightly narrow ellipses (p < 0.05), and a dominating direction that is difficult to determine (73%). The nutrient-solution growing seedlings have wider ellipses, and ccw slightly dominated (42%) in relation to cw direction (34%). The long axis of the ellipses has the same angle arrangement on the geographical plane (−15°) in both groups and it is almost perpendicular to the axis of the cotyledon arrangement at the start of the experiment. Torsion of the hypocotyls was also observed and shown in Figure 4 . The slowly growing distilled-water seedlings showed small torsion in relation to the faster growing nutrient-solution seedlings. The direction of torsion was usually counter to the dominating circumnutation direction as can be seen in seedlings no. 11, 12, 13, 14, 15, and 16 in Figure 4 . Sometimes a rosette-like trajectory pattern was observed and its direction was usually ccw, as shown in Figure 5 . The results presented above show the use of the CT software. The period and geometrical properties of subsequent circumnutation cycles are determined in irregularly and regularly circumnutating plants growing in different nutrient conditions. We expect that the analysis of circumnutation geometry will contribute to future studies of plant morphogenesis, including phyllotactic patterns and flower development [37, 42] .
Materials and methods
Experimental plants
Helianthus annuus L. seeds (PNOS, Ożarów Maz., Poland) were germinated on wet filter paper in a thermostated (25 ± 1°C) darkened chamber. Four-day (after 10 hours in light for hook opening) seedlings with 4.5 ± 0.5-cm long hypocotyls were cultivated hydroponically (eight plants per pot) in aerated distilled water and a nutrient solution (Additional file 1: Video 1). The nutrient solution con- 
Circumnutation measurementstime-lapse video
For circumnutation measurements, time-lapse video recordings started at 18:00 p.m. on the fourth day and 
Statistical analysis
The results obtained are presented as the mean ± SE in each experimental group. The results were estimated for significance by a t-test at p < 0.05 and p < 0.01, p < 0.00001.
Conclusions
We think that the CT software could be a useful tool for future research of circumnutation behaviour and may allow finding movement phenotypes [43] . The CT is an easy tool facilitating the circumnutation research, which could be helpful for plant physiology researchers and students. Therefore, the CT is available on http://circumnutation.umcs.lublin.pl. The user guide, explanation of installation, and samples are accessible. Nowadays, given the fast development of digital image recording [44, 45] , the time-lapse method of recording plant movement will develop rapidly; therefore, suitable software for time-lapse video analysis is required. Our software requires a minimal custom-made video input and can be adapted to different low-budget time-lapse imaging setups. In future, we will also work on fully automated harvesting of coordinates x y and 3D circumnutationgrowth modelling.
